INTRODUCTION
sequence of behavioral, hemodynamic, and EEG changes during spontaneous arousals have not been well defined.
The piglet has become a common model in which to investigate respiratory and cardiovascular control during wakefulness and sleep. Studies of stimulus-evoked arousal responses in sleeping piglets have used stimuli such as combined hypercapnia and hypoxia, upper airway occlusions, and hyperthermia. [17] [18] [19] The definitions of arousal vary from study to study and most use definitions derived from studies in human adults. Little is known about spontaneous arousals in piglets. We used two methods to identify spontaneous arousals during NREM sleep. First a "visual" approach was taken using a combination of physiological measurements, EEG spectral analysis based on five-second epochs, and behavioral observations. Our initial findings indicated that during spontaneous arousals, EEG changes were accompanied by stereotypical changes in behavior, blood pressure (BP), and heart rate (HR). We also developed a waveletbased analysis to enhance the temporal resolution of changes in the EEG and BP. Using a wavelet analysis we were able to identify EEG and BP changes independently with a resolution of one second (compared to five seconds using the visual method) and to determine the sequence of arousal-related events. We compared the visual and wavelet-based methods to understand their benefits and limitations. Similar arousals have been described in human infants. The analytical tools we developed may prove useful to understand the sequence of events and pathogenesis of spontaneous arousals during sleep in human infants.
METHODS

Animal Preparation
Data for this study were obtained from the control periods of physiological studies in chronically instrumented piglets 5-14 days of age described previously. 20 Briefly, piglets were housed with the sow in an environmentally controlled room with 12-hour light/dark cycles and temperature maintained at 22°-23°C. Surgery was performed under isoflurane anesthesia. Chronic instrumentation included a femoral artery catheter, a thermistor embedded in the abdominal fat pad, and a guide tube for a microdialysis probe stereotaxically placed so that the tip was in the rostral ventral medulla (RVM) near the facial nucleus. Stainless steel screws with wire attached were embedded in the skull for EEG measurements, and electrodes were sewn into the outer canthi of each eye for EOG measurements. Bipolar electrodes were sewn into the neck muscle for nuchal EMG recordings. All electrodes were fitted into a single electrical connector. The connector and the guide tube were glued to the surface of the skull and the catheters and thermistor were brought out through the skin. Studies were performed a minimum of 48 hours after surgery. The animals were studied in a whole-body plethysmograph [21] [22] suspended in a sling. The sling allowed some body movement, but prevented tangling or disconnection of the cables and tubing. Air flowed through the box at 5-10 L/min to keep inspired CO2 at ~ 0.5%. Data for the current report were taken only from the 20-30 minute control periods of each study during which the dialysis probe was perfused with artificial CSF.
Data Collection
Data were collected from control periods of physiological experiments described above. Each control period lasted [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] minutes and contained at least one period of NREM sleep. Signals from EEG, EOG, and EMG were amplified and band pass filtered (Grass model 15RXA, Grass Instrument Div., Warwick, RI): EEG -0.3-30 Hz; EOG -0.3-30 Hz; EMG -10-100 Hz. Blood pressure was measured continuously using a standard transducer and amplifier (WPI Inc., Sarasota Springs, FL). Plethysmograph pressure (Validyne model CD15, Northridge, CA) and temperature were collected to calculate respiratory variables. All signals were digitized at 1 KHz (ADInstruments, Mountain View, CA), continuously displayed on a computer monitor, and stored on magnetic media for later analysis. The animals were videotaped so that the head, eyes, and most of their body were always visible. The video images were time stamped and merged with the computer monitor image (picture-in-picture) so that each piglet's behavior and data could be viewed simultaneously. Mean arterial BP (MAP) was calculated by averaging the raw BP signal from peak-to-peak; and the mean value was assigned to the time of the second peak. Instantaneous beat-tobeat HR was calculated from the interval between BP peaks. Tidal volume (V T ), respiratory frequency (f), and minute ventilation (V E ) were calculated from the plethysmograph pressure fluctuations, 23 and averaged over five-second epochs. The videotape was also analyzed in five-second epochs for eye open/closed information. Apneas were identified as a pause in respiratory activity greater than three seconds.
EEG Spectral Analysis
The EEG recording was resampled at 100 Hz and divided into five-second epochs. For each epoch, the data were detrended, and the absolute power spectral density (PSD) from 0-50 Hz was computed using Welch's periodogram method after applying a Hanning window (MATLAB 'spectrum' function: 256 point windows with 128 point overlap; MATLAB, Math Works, Inc., Natick, MA). The PSD was averaged over three frequency ranges: 0.5-4 Hz (delta), 5-9 Hz (theta), and 10-14 Hz (sigma). To obtain an index of EEG amplitude for each five-second epoch, the EEG signal was full-wave rectified and smoothed using a moving time averager. The mean amplitude was then calculated for each five-second epoch. The nuchal EMG amplitude was similarly rectified, smoothed and averaged. Thus for each fivesecond epoch there was a single value for each of three bandwidths of the PSD (Delta, Theta, Sigma), EEG amplitude, and nuchal EMG amplitude.
Identification of NREM Sleep Using EEG Spectral Analysis and Behavioral Criteria
Periods of NREM sleep were visually identified by high amplitude, low frequency EEG (high delta power), absence of rapid eye movements, and minimal body movements. REM sleep was associated with low amplitude, high frequency EEG (low delta power), low EMG amplitude, presence of rapid eye movements, and ear, snout, and tail twitching. A wakeful/drowsy state (W/D) was defined by frequent eye openings and closings, an intermediate level of delta power, bursts of high amplitude EMG and frequent body movements. An attempt was made to exclude any portions of the slow transition from wakefulness to NREM by including only periods of NREM when the delta power had reached a plateau.
EEG Wavelet Analysis
Using the same data set as was used for spectral analysis, a discrete wavelet transform was applied to the raw EEG record to isolate the low frequency activity of the EEG. In this analysis, two parameters, a and b, are fixed to discrete, positive values: a determines the scale and b determines the position or time translation. 24 An efficient method for implementing the discrete wavelet transformation was designed using a dyadic scale (i.e., 2,4,8,16 …) for the parameters a and b. In this multi-resolution signal decomposition method, 25 the signal is repeatedly decomposed onto a set of two functions: a wavelet function and a basic dilation function. These functions behave like a high-pass filter and a low-pass filter, respectively. The outputs of the original signal from these functions are two new signals, a high-pass signal (detail) and a low-pass signal (approximation). In the first iteration, the detail signal contains the high frequency information extracted from the original signal using a wavelet with a scale of two, whereas the approximation signal contains the remaining information from the original signal. For the next iteration, the process is repeated using the first approximation signal with a wavelet scaled by four. Each successive detail and approximation contains frequency information a factor of two lower than the previous level. This can be repeated until a predetermined scale is reached or the scale exceeds the length of the original signal. The orthogonal Daubechies wavelets were used for our analysis, and the analysis was performed using MATLAB. As for spectral analysis, all of the signals were re-sampled at 100 Hz prior to analysis. The extracted frequency ranges for each of the first seven levels of the resulting dyadic scale are listed in Table 1 .
Identification of NREM sleep using wavelets: The square root of the summed squares of the information from levels 4-7 (0.37 -6.3 Hz) (see Table 1 ) was used to approximate the delta frequency band of the EEG. The mean "delta" activity was calculated by averaging the signal over consecutive 100 sample intervals, effectively reducing the sampling rate from 100 Hz to 1 Hz. For each record, the first four-minute (240 points) period of wakefulness was located visually, and the mean and standard deviation were calculated from the 1 Hz signal to establish a "wakefulness" threshold, which was set at a value equal to the mean delta activity of wakefulness plus two standard deviations. The onset of NREM sleep was identified when the mean delta activity remained greater than the wakefulness threshold for greater than five seconds.
Identification of Arousals Using the Visual Method
One scorer (RAD) visually identified periods of NREM sleep and episodic events within these periods characterized by stereotypical changes in blood pressure and heart rate, brief and abrupt head and upper body movements with or without eye opening (startle) and an abrupt decrease in delta power and EEG amplitude. For arousal identification, plots were constructed for each period of NREM sleep that included calculated V T , MAP, HR, Delta Power, EEG amplitude, and eye open/closed information. V T , Delta Power, EEG amplitude, and eye information were plotted in five-second epochs, whereas MAP and HR were averaged and plotted in one-second bins. For each period of NREM sleep one or more arousals were identified. An arousal was identified if two or more of the following events occurred within the same 20-second period: (1) an abrupt and brief increase and decrease in HR; (2) an abrupt increase in BP followed by a decrease (biphasic pattern); (3) a decrease in EEG delta power and/or EEG amplitude. Eye openings were not part of the criteria for arousal identification but it was noted for each arousal whether or not the eyes opened. The HR peak was the most reliable landmark during visual inspection, and it was therefore assigned time zero. For data averaged over five-second epochs, the five-second epoch during which the HR peak occurred was identified as time zero. When the data were aligned using peak HR as an index (time 0), three arousal patterns were apparent on inspection: (1) events occurring singly or first in a series of multiple events; (2) multiple events that followed a previous event by <20 seconds; and (3) events associated with the termination of apnea.
Identification of Arousals Using the Wavelet Method
A second scorer (BBS) identified transients in the EEG and BP signals, using a wakefulness threshold as described above. An EEG or cortical arousal was identified when the low frequency content of the signal (mean delta activity) decreased below the wakefulness threshold for more than two seconds. Rapid transient changes in blood pressure were also independently identified from the continuous recording of arterial blood pressure using discrete wavelet analysis. For this analysis, only the very low frequency component of the signal (level 7), reduced to sampling rate of 1 Hz, representing the MAP was used. Using this analysis, we found that differentiation of the MAP signal provided the most easily determined indicator of hemodynamic transients. Therefore, a point-by-point differentiation was performed on the 1 Hz MAP signal to determine instantaneous rates of change in MAP. The mean and standard deviation of the differentiated MAP signal were calculated for the same period of wakefulness used to set the threshold of the EEG signal. We used a threshold of five times the standard deviation to identify transients in the MAP signals; the characteristic blood pressure change was biphasic (i.e., an initial increase followed by a .37-.78 Hz decrease). Since the decreasing phase was the most easily identifiable, only negative changes were used to identify MAP transients (i.e., when the change in MAP decreased below the mean -5*STD, a MAP transient was identified). The selection of two standard deviations for the EEG and five standard deviations for MAP was arbitrary, but provided good discrimination between arousals and normal BP variation. Selection criteria for both EEG and MAP were automated and applied independently to the data from all experiments. In addition, HR was calculated from the peak-to-peak interval from the continuous recording of arterial blood pressure. HR data were also averaged in one-second bins to obtain consistent time intervals among the EEG, MAP and HR. Apneas were identified by visual inspection in the same way as for the visual method (apnea = pause >3 seconds). For each EEG or MAP transient that was identified, approximately 20 seconds of the data sequences of delta power, MAP, and HR preceding and following the transient were analyzed in greater detail. The 40-second sequences of delta power, MAP, and HR were aligned either to the time of the decrease in delta power or the MAP transient in order to determine the morphology and relationships among the individual events.
Data Analysis
The data were analyzed similarly for the visual and wavelet methods. After aligning the data as described above, five-or onesecond bins were averaged by experiment and then by piglet. Data from the visual method were grouped by pattern as described above (single or "first in series" events, "multiple" events, and "apnea terminating events"). For each pattern the data were examined to determine the temporal relationships between HR peak, the initial peak in MAP, and the decrease in EEG amplitude and delta power. The HR peak (time 0) and the initial peak in MAP were easily identified. To determine the timing of the decrease in EEG amplitude and delta power the fol- lowing analysis was performed: A repeated measures one-way ANOVA (SYSTAT, SPSS Science, Chicago, IL.) was employed using nine levels corresponding to the nine five-second intervals distributed around time 0 (-20 …0 … +20) to identify significant trends over time. In addition, a contrast analysis was used to identify significant differences between adjacent intervals (if any) to identify the timing of any abrupt decrease in EEG amplitude or delta power. A similar analysis was used to identify the timing of the onset of the increase in HR and MAP. In this case the onset was defined when there were two consecutive significant increases in HR or MAP. In addition, we used a linear regression analysis applied to the single or first in series events to determine whether the magnitude of the change in HR or BP was correlated to the change in delta power or EEG amplitude.
To determine the temporal relationship between the changes in HR, BP, and mean delta activity using the wavelet-based analysis, the percent change in HR was plotted as a function of the percentage change in MAP, and as a function of the percentage change in mean delta activity. To compensate for inter-piglet variability, data from each piglet were divided by the mean of the first five seconds of each time series and were expressed as mean percentage change from baseline±SEM. T-tests were used to compare changes in MAP, HR, and EEG changes. All data were expressed as the MEAN±SEM. p < 0.05 was chosen as the level of statistical significance.
We also compared the visual and wavelet methods of detect- ing MAP transients. Since we made no effort to identify when arousals were not present, we could not calculate specificity. However, we did calculate the agreement between the visual method and the quantitative wavelet method by comparing the percent of total events that both methods identified and the sensitivity (the true positive fraction). In addition, a third reviewer (JCL) or "expert" used the data from both methods to determine the true positive rate of MAP events.
RESULTS
Under our experimental conditions piglets cycled regularly through NREM sleep, REM sleep, and wakefulness/drowsiness. An example of sleep data recorded from a single piglet is shown in Figure 1 . The duration of the total sleep cycle (beginning of NREM to beginning of the next NREM) was ~ 20 minutes. NREM sleep was clearly distinguishable by the elevations in delta power and EEG amplitude. NREM periods lasted an average of 6.5±3.2 minutes, and each period of NREM sleep was interrupted by one or more brief episodic events. For this study, fifteen episodes of NREM sleep were analyzed from records obtained from 20-30 minute control periods of 10 experiments in five piglets (1 piglet was studied four times, two were studied twice and two were studied once). An example of a period of NREM sleep interrupted by several arousal events is shown in Figure 2 . During these events, there were stereotypical changes in HR and BP, decreased EEG amplitude and delta power with or without eye openings. In this example, NREM sleep is indicated -A single or "first in series" arousal is plotted as a function of time. Resp = plethysmograph pressure tracing; BP = blood pressure in mmHg (raw in black and mean in white); HR = heart rate in beats/min; EEG = raw EEG signal in uV; EEGamp = EEG amplitude; Delta pwr = EEG delta power; EOG = raw EOG signal; Eyes = eye position in five-second epocns -O = open, C = closed, and U = unknown (not visualized). Note the stereotypical increase in HR and the "biphasic" change in MAP, as well as the eye opening associated with the arousal. In this case EEG delta power and amplitude increased along with BP and HR before abruptly decreasing during the five-second epoch after the HR peak.
as the period between the two vertical lines. The amplitude of the MAP changes associated with the identified sharp peaks in HR was variable. Most of the changes in HR were accompanied by decreases in EEG amplitude and delta power. The EOG activity and hand scoring of the state of the eyes were concordant, but not all of the arousal episodes were associated with eye opening.
Analysis of Arousals Using the Visual Method
A total of 117 events were identified using the visual method. Three patterns of episodic events emerged on visual inspection of the data: 1) single or first in series events (n=75), 2) multiple events defined as having their onset < 20 seconds after a preceding event (N=41), and 3) apnea terminating events (n=18). Some apnea terminating events were also classified as multiple events since they occurred < 20 sec after the preceding event, and events associated with the onset of apnea were also counted in the first in series group of events. An example of a single event is shown in Figure 3A . In single or first in series events, delta power and EEG amplitude fell rapidly with a time course tightly coupled to changes in HR and MAP. In this particular example, EEG amplitude and delta power first increased coincident with the changes in HR and MAP and then abruptly decreased. An example of "multiple" events is shown in Figure 3B . In multiple events, EEG amplitude and delta power decreased more slowly or were already quite low during the second and third events in the series. Figure 3C illustrates an apnea terminating event. In these events, delta power and EEG amplitude appeared to decrease only during the first event. We believe that these are examples of various manifestations of cortical arousals and demonstrate the associated cardiovascular changes that were common to all arousals iden- Figure 3A . Note that EEG amplitude and delta power were already reduced during the second and third cardiovascular events, and the final event in the series was associated with eye twitching (EOG), but no visually observed eye opening.
tified by visual inspection of the NREM sleep tracings.
For statistical analysis, the HR, MAP, EEG amplitude and delta power data from all the arousals identified by visual inspection were averaged for each experiment and then for each piglet by type of arousal: single or first in series, multiple, and apnea terminating. The mean data for each pattern are shown in Figures  4A, 4B , and 4C. The characteristics of the HR changes were similar for all three patterns. Each event was associated with an abrupt increase in HR. On average, the mean time of onset of the increase in HR occurred 6.8±3.2 seconds before peak in HR. For single or "first in series" events ( Figure 4A ), HR increased from 182.5±26.0 beats/min to 219.5±29.0 beats/minute. In multiple events ( Figure 4B ) HR increased from 174.5±30.9 beats/minutes to 216.5±32.8 beats/minute. For apnea terminating events ( Figure 4C ), HR increased from 162.3±38.3 beats/minute to 204.9±37.4 beats/minute.
The changes in MAP were more variable among arousal patterns, although the timing of the onset of the increase in MAP for all patterns was indistinguishable from the onset of the increase in HR. On average MAP reached a peak 3.1±1.7. seconds before the peak and HR and then decreased, reaching a nadir within one second of the HR Peak. In single or first in series events ( Figure  4A ) MAP increased from 80.3±7.9 mmHg to a peak of 86.5±2.8 mmHg and then decreased, reaching a nadir of 73.9±8.8 mmHg. For multiple events ( Figure 4B ), MAP increased from 78.0±0.1 mmHg to 83.8±0.1 mmHg and fell to 73.2±0.1 mmHg. For apnea terminating events ( Figure 4C ), MAP increased from 76.8±mmHg to 82.6±9.7 mmHg and fell to only 79.3±7.5 mmHg.
Compared to the hemodynamic changes, the changes in EEG amplitude and delta power showed considerable variation among the three arousal patterns. In single or first in series events Figure 3C -An example of an arousal followed by apnea and an apnea terminating arousal plotted as a function of time following the conventions used in Figure 3A . Note that the initial arousal is associated with an abrupt decrease in EEG amplitude and delta power. EEG amplitude and delta power recover slowly and remain reduced when the apnea is terminated with the second arousal. In this case, eye openings were only observed during the apnea terminating arousal. Figure 4A ), there was a statistically significant decrease in EEG amplitude and delta power in the interval between the five-second epoch in which the HR peaked and the subsequent epoch. In multiple events ( Figure 4B ), there was a significant linear decrease in both EEG amplitude and delta power (p<0.05) over the 20 seconds before the HR peak and reaching a nadir during the first five-second.epoch after the HR peak. Unlike the single or "first in series" events, however, there were no significant decreases between adjacent epochs. There was more variability for apnea terminating events ( Figure 4C ) and no statistically significant changes in EEG amplitude or delta power. In this type of analysis, one can be most confident about changes occurring around the index alignment point, in this case, the HR peak.
Interpretation of temporal changes becomes more difficult the further away from this point. Thus, it appears that in single or first in series events, the decreases in EEG amplitude and delta power are abrupt and occur within five seconds after the HR peak, clearly occurring after the onset of HR and MAP changes. Changes in EEG amplitude and delta power associated with two or more closely associated events, including both multiple and apnea terminating events in our analysis, are smaller and more gradual. The most likely explanation is that EEG changes have already occurred with previous closely associated events and have not returned to pre-arousal levels before the onset of subsequent events.
We also performed an analysis on the visually identified single or first in series events using linear regression to determine whether there was a correlation between the magnitude of the MAP and HR changes and the change in EEG amplitude and delta power. We chose to analyze only the single or first in a series events identified visually since we had already determined that there were clear differences among the EEG patterns of first in series events, multiple events and apnea terminating events. In these single, or first in series events, the change in MAP was correlated with the change in HR (r 2 =0.115, p=0.003), and the change in EEG amplitude was correlated with the change in delta power (r 2 =0.405, P<0.001), but there was no relationship between the magnitude of the cardiovascular changes (HR or MAP) and the decrease in either EEG amplitude or delta power.
Thus, there was no apparent dose-response in which the magnitude of the change in MAP was associated with the magnitude of the change in EEG amplitude or delta power. Arousal events were also associated with brief body movements (startles), eye openings, and altered breathing. However, body movements associated with an arousal influence pressure changes in the plethysmograph, making interpretation of the respiratory tracing difficult. Nevertheless, the most common respiratory characteristic was an augmented breath (cf.. Figures 3B  and 3C ). Apnea was associated with about 25% of the events and the mean apnea duration was 14.8±0.9 seconds. Figure 4A . Note the slower decrease in EEG amplitude and delta power and the lack of statistical significance between adjacent five-second epochs.
N=5 Mean±SEM HR (beats/min) MAP (mmHg)
Analysis of Arousals Using the Wavelet Method
EEG and MAP events were identified independently during NREM sleep using the wakefulness threshold described above. Seventy-three decreases in mean delta activity and 115 MAP transients were identified. The MAP transients were uniformly associated with an increase in HR, although the HR was not used to identify these cardiovascular events. An example of the wavelet method is shown in Figure 5 . The wakefulness thresholds for decreases in delta power and the derivative of MAP are shown as dashed lines.
When independently identified MAP transients and EEG arousals were compared, there were significantly more MAP transients per minute of sleep than EEG arousals (3.3±1.4 vs.
2.0±0.9, P=0.022). The majority of EEG arousals (62%; 45/73) were associated with transient changes in MAP and HR. In some cases, however, EEG arousals identical to others associated with cardiovascular transients occurred without any identifiable change in MAP or HR. Examples of this occurred in all piglets. Interestingly, EEG arousals without MAP transients occurred mainly at sleep onset, when NREM sleep using our threshold criteria had been established less than 30 seconds.
To evaluate possible cause and effect relationships between hemodynamic and EEG events, we used t-tests to determine whether the magnitude of the change in EEG activity was related to the magnitude of the cardiovascular changes. We compared the change in MAP, the peak MAP, and the difference between the peak and minimum MAP between those MAP transients asso- Figure 4A except that N=4. Note the increased variability of the EEG amplitude and delta power and a pattern of change similar to that of multiple events illustrated in Figure 4B . ciated with an EEG arousal and those not associated with an EEG arousal. We found no differences in these variables describing the change in blood pressure whether an EEG arousal occurred or not.
To determine the temporal relationship between HR and MAP transients associated with EEG arousals, the HR, MAP, and mean delta activity were plotted with respect to each other using those events in which all three elements were identified (n=45). The relationship of the changes in HR, MAP, and mean delta activity are shown in Figure 6 . The change in HR was first plotted as a function of the change in MAP (Figure 6, upper panel) . At the onset of the cardiovascular transient, there was a rapid increase in both HR and MAP. This was followed by a further increase in HR and a decrease in MAP. Both variables subsequently returned to baseline values. The initial slope of the MAP-HR relationship (labeled Phase A in Fig. 6 ) was approximately one, indicating that HR and MAP changed simultaneously. To determine the relationship between the EEG arousal and the cardio- Figure 5 -An example of data used in the arousal analysis with wavelets plotted as a function of time. From top to bottom, the signals are the raw EEG, mean delta activity, BP, MAP, the time derivative of MAP, and HR. The wakefulness threshold for mean delta activity is indicated by the dashed line in the second panel representing the mean + 2*STD for mean delta activity during wakefulness. We defined values greater than this wakefulness threshold as NREM sleep. An arousal was defined when mean delta activity decreased below the threshold for at least two seconds. The dashed line in the fifth panel illustrates the wakefulness threshold for detection of MAP transients. The threshold was calculated by taking the mean of the first derivative of mean BP during the same period of wakefulness that was used to calculate the threshold for mean delta activity. The dashed line indicates the mean -5*STD. Since the characteristic change in BP during arousals was biphasic, and the decrease was more pronounced than the initial increase, only the decrease in the rate of change was used to identify the MAP transient. In this example the MAP derivative crosses the threshold at about 16 seconds and the initial increase begins approximately three seconds earlier. Mean delta activity crosses the wakefulness threshold at about 18 seconds, approximately five seconds after the onset of the increase in HR and BP. vascular transients, HR was plotted as a function of mean delta activity ( Figure 6, lower panel) . Initially there was a rapid increase in HR and a slight increase in delta power. This was followed by a rapid decline in mean delta activity and HR. Whereas the HR returned quickly to baseline, the mean delta activity remained low (relative to the starting value). In contrast to the MAP-HR relationship, the initial slope of the HR-delta activity relationship was very steep (a large change in HR with little change in mean delta activity), indicating that the increase in HR preceded the decline in mean delta activity. Furthermore, the restoration of baseline delta activity after the event was slower than the restoration of pre-event HR and BP values.
Comparison of the Visual and Wavelet Methods
The agreement between methods of determination of MAP transients was good (Table 2) : the specific agreement, which analyzes the agreement between positive responses, was 84%. The visual method was more sensitive than the wavelet based method (0.98 vs. 0.92). However when a third reviewer, the expert, examined the data, the visual analysis identified eight MAP events when the expert felt none was present, and two MAP events were missed. On the other hand, the wavelet method incorrectly identified six MAP events when the expert felt none was present and missed nine MAP events that the expert felt were present. In most cases, the false positive MAP events had HR changes without MAP changes (the visual method), or the MAP change consisted of an increase with no subsequent decrease. The 'true' events that were identified by the expert but not identified by the wavelet method were interesting in that six of the nine missed MAP events were associated with apnea termination. This implies that the BP profile, though of appropriate shape, changed more slowly when associated with apnea termination (cf. Fig. 4C) .
A similar analysis of EEG arousals was more difficult to perform. Specific agreement between visual and wavelet-based methods was 54% ( Table 2 ). The expert could not estimate a true value of EEG arousals since they were identified visually only when cardiovascular events were also present. Hence, calculating sensitivity was not possible; there was no real estimate of EEG arousals independent of cardiovascular events in the visually scored data. The expert analysis did reveal that the wavelet-based method frequently failed to identify EEG arousals when MAP events were detected by both methods. Thus, the wavelet-based criterion for EEG events seemed more stringent than the waveletbased MAP criterion. However, the wavelet method also identified numerous isolated EEG arousals, and a retrospective analysis of these events did not reveal any systematic mis-identification of MAP transients associated with these EEG events. The EEG arousals were truly independent of any cardiovascular transients.
DISCUSSION
We examined the occurrence and characteristics of spontaneous arousals during NREM sleep in piglets. The visual analysis scored cortical arousals when a significant decrease in EEG amplitude and delta power was found. Rapid transient changes in MAP or HR were always temporally associated with these cortical arousals. We also developed a wavelet-based analysis to determine independently the occurrence of MAP and EEG events and to analyze the temporal relationship among the changes in EEG, MAP, and HR. Both analysis methods showed that the HR and MAP transients were initiated simultaneously, and when MAP and HR transients occurred in conjunction with EEG events, the MAP and HR events preceded the spontaneous cortical arousals. Our visual arousal identification technique relied heavily on identification of cardiovascular transients as markers of arousals, whereas the wavelet analysis independently analyzed EEG and BP signals. Visual inspection of the records identified a more homogenous set of events consisting of HR and MAP changes, a decrease in EEG amplitude and delta power, and a startle responses with or without eye movements. The scorer used a combination of these elements to identify arousals, and necessarily, most of the arousals contained all of these elements. The wavelet analysis applied a set of identification rules to each signal in turn, and when the criteria were combined, the number of identified events declined. The wavelet analysis indicated that spontaneous MAP and HR transients and EEG arousals need not always occur as part of a stereotypical pattern of arousal, but may occur independently. Despite the differences between a flexible and subjective set of rules on one hand, and a strictly quantitative approach on the other, there was reasonable agreement between scoring systems.
Arousals have often been studied during application of external stimuli. During sleep, in human infants, increased CO 2 inhalation, either from rebreathing or gaseous exposure elicits a stereotypical response of a sigh coupled with a startle, thrashing limb movements and cortical arousal. 17 Tactile stimulation of the arm or leg elicits another distinct sequence of temporally related events: limb withdrawal reflex, startle and respiratory responses, ending with a cortical arousal. This sequence of responses was similar during NREM and REM sleep. 10 Davies et al. 26 investigated the arousal response of adult humans to combined auditory/vibratory stimulus applied to the head. Stimuli of varying lengths and intensities triggered transient increases in blood pressure and heart rate, and at times cortical arousals. The authors noted that a stimulus that did not elicit cortical arousal might still initiate a cardiovascular transient. These studies showed that cortical arousals elicited by externally applied stimuli, when associated with brainstem responses (respiratory and hemodynamic changes or startles) consistently lagged behind the brainstem responses. Bonnet and Arand 27 used spectral analysis to investigate heart rate variability during sleep and spontaneous arousals in adult humans. A change in heart rate variability, consistent with an increase in sympathetic activity, preceded arousal from stage 2 sleep. The authors also noted that heart rate increased prior to the cortical arousal. These data, although analyzed with a different technique, are consistent with the temporal relationship for induced arousals and are also consistent with the sequences of responses that we found during spontaneous arousals in the piglet. EEG or cortical arousals, when coupled to a MAP-HR event, were always the last in the sequence of events. Hence, when cardiovascular and EEG events occur during an arousal, the cardiovascular events precede the EEG event whether the arousal is elicited by an external stimulus or arises spontaneously.
Although our data and those of others provide evidence for a temporal relationship between cardiovascular transients and spontaneous cortical arousals, we can only speculate whether this represents a cause and effect relationship. In sleeping newborn lambs [14] [15] and in adult humans 13 induced changes in arterial blood pressure are capable of eliciting arousal from sleep. Our post-hoc analysis of MAP transients identified by the wavelet method did not reveal any differences in the pattern of MAP changes when they were associated with an EEG arousal compared to MAP transients not associated with an EEG arousal. Moreover, within the visually identified single or first in series events, there was no relationship between the magnitude of the cardiovascular changes and the magnitude of the decrease in delta power. Our results therefore suggest that the MAP transients did not cause the spontaneous EEG arousals. It seems more likely that both the EEG arousal and MAP transients, when they occur together, arise from a common stimulus that is processed in parallel through the central nervous system with varying temporal profiles. The observed changes in BP and HR occur early in the sequence and return to baseline more quickly, whereas the EEG events occur later and resolve more slowly.
Our findings comparing visual and wavelet-based methods raise (but do not answer) the question, What are the essential elements of an arousal? It is clear that when more elements are included in the definition and the elements are more restrictively defined, fewer arousals will be identified. From work studying exogenous stimuli, one might derive a definition requiring a startle, cardiovascular transients, and EEG evidence of arousal (in that order). On the other hand, arousal implies awakening or cortical activation and depends on an analysis of EEG criteria. The currently accepted definition of arousals in human adult sleep depend primarily on EEG criteria. 8 Such a definition applied to our data leads to a less restrictive definition of arousal and uncouples any mechanistic link between brainstem events marked by behavioral (startle) and cardiovascular phenomenon and EEG events.
There is currently no consensus about the terminology used to describe EEG and cardiovascular changes associated with either induced or spontaneous arousals. We favor the term cortical arousal for isolated EEG events, autonomic arousal for isolated MAP and HR events, and integrated arousal for events in which a stereotypical sequence of a startle, cardiovascular changes, and EEG arousal occur. One could argue that cardiovascular events alone do not represent an arousal, but we feel that the term 'autonomic arousal' captures the importance of brainstem activation. These definitions are consistent with the findings of others and do not imply any particular mechanisms. They incorporate EEG events coupled to and possibly triggered by brainstem events, but recognize the possibility that arousing stimuli may come from multiple mechanisms, some without accompanying markers of brainstem activation. In defining arousal events, the waveletbased method has much to offer. It is observer independent, and visually identifying brief changes in EEG delta power in isolation was difficult; reasonable observers could easily disagree about what constituted an EEG event. In our wavelet analysis, the definition of an EEG event was arbitrary, and the threshold we selected may have been incorrect. But with a larger study population, a statistically defensible threshold could be defined, and we very much favor continued work to develop a consensus for quantitative EEG analysis in neonates. In summary, we found in the newborn piglet that brief and rapid cardiovascular transients precede many spontaneous cortical arousals. Arousals containing MAP, HR and EEG elements could be readily identified using either a classical visual analysis or an automated method using wavelets. Using both scoring systems, we found that cardiovascular changes occurred more commonly than changes in the EEG and furthermore, that when occurring together, MAP and HR changes precede spontaneous EEG arousals. These findings are consistent with observations of induced arousals in human infants and adults and support the idea that the initiation of arousal from sleep may begin in the brainstem, irrespective of whether the arousal is spontaneous or the result of exogenous stimulus. On the other hand, it is also clear that cortical EEG events and brainstem responses are not always coupled: cortical arousals may occur without evidence of brainstem activation, and brainstem activation may occur without a cortical arousal. This work demonstrates the feasibility and benefits of scoring EEG, MAP, and HR events using consistent and preferably automated rules.
